Mammalian microRNAs (miRNAs) pair to 3 0 UTRs of mRNAs to direct their posttranscriptional repression. Important for target recognition are $7 nt sites that match the seed region of the miRNA. However, these seed matches are not always sufficient for repression, indicating that other characteristics help specify targeting. By combining computational and experimental approaches, we uncovered five general features of site context that boost site efficacy: AU-rich nucleotide composition near the site, proximity to sites for coexpressed miRNAs (which leads to cooperative action), proximity to residues pairing to miRNA nucleotides 13-16, positioning within the 3 0 UTR at least 15 nt from the stop codon, and positioning away from the center of long UTRs. A model combining these context determinants quantitatively predicts site performance both for exogenously added miRNAs and for endogenous miRNAmessage interactions. Because it predicts site efficacy without recourse to evolutionary conservation, the model also identifies effective nonconserved sites and siRNA off-targets.
SUMMARY
Mammalian microRNAs (miRNAs) pair to 3 0 UTRs of mRNAs to direct their posttranscriptional repression. Important for target recognition are $7 nt sites that match the seed region of the miRNA. However, these seed matches are not always sufficient for repression, indicating that other characteristics help specify targeting. By combining computational and experimental approaches, we uncovered five general features of site context that boost site efficacy: AU-rich nucleotide composition near the site, proximity to sites for coexpressed miRNAs (which leads to cooperative action), proximity to residues pairing to miRNA nucleotides 13-16, positioning within the 3 0 UTR at least 15 nt from the stop codon, and positioning away from the center of long UTRs. A model combining these context determinants quantitatively predicts site performance both for exogenously added miRNAs and for endogenous miRNAmessage interactions. Because it predicts site efficacy without recourse to evolutionary conservation, the model also identifies effective nonconserved sites and siRNA off-targets.
INTRODUCTION
MicroRNAs are $22 nt endogenous RNAs that pair to the messages of protein-coding genes to direct the posttranscriptional repression of these mRNAs (Bartel, 2004) . A central goal for understanding their functions has been to understand how they recognize their target messages. Conserved Watson-Crick pairing to the 5 0 region of the miRNA, which includes the miRNA seed, enables prediction of targets above the background of false-positive predictions, indicating the importance of this region for miRNA target recognition (Lewis et al., 2003 Brennecke et al., 2005; Krek et al., 2005) . More than one-third of human genes appear to have been under selective pressure to maintain their pairing to miRNA seeds , and many messages that either decrease upon miRNA ectopic expression or increase upon miRNA knockdown have matches to the miRNA seed (Krutzfeldt et al., 2005; Lim et al., 2005; Giraldez et al., 2006; Rodriguez et al., 2007) .
Messages downregulated after introducing a miRNA are most associated with four types of sites, which are in agreement with those anticipated from preferential conservation of sites in orthologous UTRs (K.K.-H.F. and D.P.B., unpublished data). These include one 6mer, two 7mers, and one 8mer ( Figure 1A ). The 6mer is the perfect 6 nt match to the miRNA seed (miRNA nucleotides 2-7) . The best 7mer site, referred to here as the 7mer-m8 site, contains the seed match augmented by a match to miRNA nucleotide 8 (Lewis et al., 2003 Brennecke et al., 2005; Krek et al., 2005) . Also effective is another 7mer, the 7mer-A1 site, which contains the seed match augmented by an A at target position 1 . The 8mer site comprises the seed match flanked by both the match at position 8 and the A at position 1 .
Reporter assays indicate that pairing to the seed is not only important for recognition but that in some cases 7-8mer sites appear sufficient (Doench and Sharp, 2004; Brennecke et al., 2005; Lai et al., 2005) . However, seed sites do not always confer repression, and when repression occurs, the degree of repression is highly variable in different UTR contexts. In the animal, messages preferentially expressed in the same tissue as a highly expressed miRNA have 3 0 UTRs that are $50% depleted in 7mer sites, presumably because these messages have important roles in that tissue, and during the course of evolution they have avoided acquiring sites to coexpressed miRNAs that would compromise their function (Farh et al., 2005) . However, these UTRs are not completely devoid of 7mer (Table S2 ), were consolidated. Results shown were an amalgam of the data from all 11 miRNAs; the relative strengths of the different sites were consistent when examining each transfection individually. For the cumulative plots, the minimal fraction of downregulated genes in that distribution is reported (parentheses), based on comparison with the no-site distribution. Repression from UTRs containing an 8mer site was significantly more than that from UTRs with a 7mer-m1 site (p < 10 À20 , one-sided K-S test); similar comparisons between UTRs containing a 7mer-m8 site versus a 7mer-A1 site, a 7mer-A1 versus a 6mer, and a 6mer versus no site were also significant (p < 10 À6 , p < 10 À20 , and p < 10 À31 , respectively). (C) Increased effectiveness of dual sites. Changes in mRNA abundance after miRNA transfection, represented as in (B), except mRNAs with 3 0 UTRs containing the indicated pairs of sites were monitored. Repression from UTRs containing both an 8mer and either a 7mer or 8mer site was significantly more than that from UTRs with two 7mer-m8 sites (p < 10 À3 , one-sided K-S test); similar comparisons between UTRs containing 92 Molecular Cell 27, 91-105, July 6, 2007 ª2007 Elsevier Inc.
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sites, suggesting that even among miRNA sites in vivo, similar variability in site efficacy also exists, such that identical 7mer sites may or may not be consequential depending on the UTR context in which they arise. Thus, having a canonical 7-8mer site is clearly important but often not sufficient for detectable downregulation; unknown context determinants outside of seed sites must also be playing important roles for target recognition. Without knowing these context determinants, experimentalists face a difficult challenge. Where should they begin when seeking to understand the molecular mechanisms of phenotypes arising from miRNA knockdown or ectopic expression studies? One approach is to focus only on the conserved sites, but so many messages are under selective pressure to maintain pairing to miRNAs-more than 200 messages, on average, for each highly conserved mammalian miRNA family-that this approach only serves to narrow the field, while potentially excluding some of the more rapidly evolving and species-specific interactions (Farh et al., 2005; Krek et al., 2005; Krutzfeldt et al., 2005; Lewis et al., 2005; Giraldez et al., 2006) .
We set out to discover the context features that help specify miRNA targeting, with the idea that such insights into target recognition would increase the ability to predict functional sites, both those that are conserved and those that are not. We found five independent features that influenced targeting, each of which had both experimental and computational support. Combining these determinants, we constructed a model of miRNA regulation capable of quantitatively predicting the performance of miRNA sites based solely on sequence, and we confirmed experimentally the predictive power of this model for both exogenously added miRNAs and for endogenous miRNAmessage interactions. Because our approach accurately distinguished effective from noneffective sites without regard to site conservation, it also provided the basis for identifying siRNA off-targets.
RESULTS AND DISCUSSION
Closely Spaced Sites Often Act Synergistically When examining mRNA microarray data from 11 miRNA transfection experiments, a large majority (75%) of the downregulated messages detected on microarrays have canonical 7-8mer sites in their 3 0 UTRs (K.K.-H.F., L.P.L., and D.P.B., unpublished data). However, only a minority of the messages possessing single sites in their 3 0 UTRs displayed detectable destabilization on the array (19%, 25%, and 43% for the 7mer-A1, 7mer-m8, and 8mer, respectively, Figure 1B ), which suggested that analyzing the differences between those messages that were detectably downregulated and those that were not could help identify context features important for target recognition.
As anticipated from previous studies (Doench and Sharp, 2004; Brennecke et al., 2005; Lai et al., 2005) , multiple sites were associated with greater mRNA destabilization in our transfection experiments (Figures 1B and two 7mer-m8 sites versus two 7mer-A1 sites, two 7mer-A1 sites versus two 6mer sites, and two 6mer sites versus no site were also significant (p = 0.034, p < 10 À11 , and p < 10 À6 , respectively).
(D) Independence of most dual sites. Cumulative distributions of changes in mRNA levels after miRNA transfection for messages containing the indicated combinations of miRNA binding sites. Simulated values for 3 0 UTRs containing two 7mer sites (green) were calculated by combining the effect of two single 7mers; actual values for 3 0 UTRs containing two 7mers are in blue, and those with length-matched UTRs containing single 7mers are in purple; otherwise as shown for (B). (E) Synergism between closely spaced sites. Cumulative distributions of changes in mRNA levels as for (D), except the plot for two observed sites (blue) only considered 3 0 UTRs containing two closely spaced 7mers (within 100 nt of each other). Repression from UTRs containing two adjacent sites was significantly increased compared to simulated UTRs containing one plus one site (p = 0.040, 1000 resampling iterations), whereas repression from UTRs containing two sites irrespective of distance did not significantly differ from simulated UTRs containing one plus one site (p = 0.81).
(F) Selective maintenance of dual sites spaced at different intervals. Human 3 0 UTRs with exactly two 7mer sites to the same miRNA were binned based on intersite distance (counting the number of nucleotides between the 3 0 nt of the first site and the 5 0 nt of the second site). The number of conserved dual sites exceeding the background (as estimated from the average of control cohorts) was plotted after performing for each bin siteconservation analysis analogous to that in Lewis et al. (2005) , using the miRNA families conserved broadly among vertebrates (Table S1 ).
(G) miRNA-mediated repression of luciferase reporter genes fused to 3 0 UTR fragments containing two miR-124 target sites with different spacing intervals. After normalizing to the transfection control, luciferase activity from HeLa cells cotransfected with each reporter construct and its cognate miRNA (miR-124) was normalized to that from cotransfection of each reporter with its noncognate miRNA (miR-1). Plotted are the normalized values, with error bars representing the third largest and third smallest values among 12 replicates. P values (Wilcoxon rank-sum test) indicate whether repression from a reporter containing both sites (blue) was significantly greater than expected from multiplicative effects (green). For modeling independent activity of sites, repression expected from a reporter with two sites was the product of repression observed from otherwise identical reporters containing single intact sites (purple and yellow; pairing off the repression values in the order that they were generated). Reporters of the rightmost quintet were identical to those of the leftmost quintet, except the point substitutions disrupting target sites differed. (H) Repression observed for the reporter constructs as in the leftmost quintet of (G) but modified such that both miR-124 sites were substituted with miR-1 sites. miR-16, miR-21, miR-23, miR-24, miR-27, and miR-30 (Landgraf et al., 2007) . 7mer-m8 sites at a cooperative distance (>7 and <40 nt) from an endogenous miRNA 7-8mer site were significantly more downregulated than sites that were either too close to an endogenous miRNA (%7 nt, including overlapping sites; p = 0.0054, one-sided K-S test) or not close to an endogenous site (R40 nt, or no endogenous site; p = 0.036, one-sided K-S test).
1C). When considering all genes, the repression observed for those with two sites was almost exactly that expected if the two sites had contributed independently to repression; that is, the repression for a gene with two sites matched the result anticipated by multiplying the repression from two single sites ( Figure 1D ). This multiplicative effect, a hallmark of independent and noncooperative action, was observed previously in a heterologous reporter assay designed to model miRNA repression (Doench and Sharp, 2004) . We observed one notable exception to the overall tendency of apparently independent action: when the two sites were close together, the repression tended to be greater than that expected from the independent contributions of two single sites ( Figure 1E ). Examining the conservation of sites in orthologous UTRs of human, mouse, rat, and dog, we found that when plotting the number of coconserved sites for authentic miRNAs, after subtracting the average number of coconserved sites for control cohorts, the greatest enrichment was for closely spaced dual sites ( Figure 1F ). Although most of the coconserved sites were at longer intervals (because longer intervals greatly outnumber shorter intervals), the observed enrichment compared to any other specific intervals indicated a detectable biological preference for short intervals. Such cases with short intersite spacing appear to be the more effective ones and thus would be easiest to identify genetically. In agreement with this idea, the C. elegans lin-4:lin-14 and lsy-6:cog-1 interactions and the Drosophila miR-4:Bearded interactions all involve dual conserved 8mer sites with short intersite spacing ( [Lee et al., 1993; Wightman et al., 1993; Johnston and Hobert, 2003; Lai et al., 2005] ; see http://www.targetscan.org for minor refinements to C. elegans site annotations).
We investigated this phenomenon further with reporter assays, examining UTR fragments containing two sites and asking whether the observed repression from these two sites was greater than that expected from the sites individually (calculating expected repression as the product of the repression values when measured for each of the two sites in isolation). The two UTR fragments for which observed repression deviated most from that expected corresponded to the two shortest intersite distances examined ( Figure S1 in the Supplemental Data available with this article online). For example, two proximal miR-124 sites individually mediated only subtle downregulation, whereas both sites together mediated more robust downregulation, which was significantly cooperative ( Figure 1G , leftmost). Increasing spacing from 19 to 56 intervening nt, using either of two different insertion sequences, fully abrogated cooperativity, whereas increasing it to only 34 nt did not ( Figure 1G ). Cooperativity was maintained when both sites were changed to miR-1 sites ( Figure 1H ). Importantly, repression from UTRs containing either an intact upstream or downstream site alone (purple or yellow bars, respectively) was not significantly altered by the different intersite sequences employed.
The opportunities for cooperative miRNA function would dramatically increase if sites to two different miRNAs could act cooperatively. To test this possibility, we tested reporters based on UTR fragments containing closely spaced sites for miR-1 and miR-133, two miRNAs coexpressed in muscle cells ( Figure 1I ). The one with 8 nt intersite spacing exhibited cooperative repression in response to a mixture of miR-1 and miR-133. The one with 4 nt spacing did not, which we attributed to spacing that was too close, in that cooperativity was achieved by extending the spacing by another 6 nt. To test more generally whether sites to different miRNAs act cooperatively when closely spaced, we examined whether sites to our transfected miRNAs were more effective if they were near to sites for miRNAs endogenously expressed in the cells. Repression was strongest when spacing between the endogenous and the transfected miRNA sites was 8 to $40 nt ( Figure 1J ).
We conclude that one of the important context determinants that influences efficacy of sites is their proximity to sites for coexpressed miRNAs. A recent report, published while our paper was in review, reached similar conclusions (Saetrom et al., 2007) . Cooperative miRNA function implies a mechanism whereby repression can become more sensitive to small changes in miRNA levels. Moreover, cooperativity of sites for coexpressed miRNAs greatly enhances the regulatory effect and utility of combinatorial miRNA expression.
Additional Watson-Crick Pairing at Nucleotides 12-17 Enhances miRNA Targeting Pairing to the 3 0 portion of the miRNA is often thought to enhance repression of canonical 7-or 8mer sites. However, when we used previously developed energy-based rubrics for predicting and scoring 3 0 supplementary pairing (Lewis et al., 2003; John et al., 2004; Krek et al., 2005) , those sites with better scores were no more effective; indeed, increased supplementary pairing, as measured by these rubrics, appeared to disfavor efficacy ( Figure S2A ). We also examined the results of a different approach that predicted sites with extensive WatsonCrick and G:U pairing along the length of the miRNA and tolerated imperfect seed matches (Miranda et al., 2006) . However, after excluding those predictions with canonical seed sites, the remainder performed no better than messages without sites ( Figure S2B ). We therefore searched for a rubric that accomplished its intended purpose of identifying productive 3 0 pairing, evaluating site efficacy while systematically varying position, continuity, and identity (±G:U pairs) of pairing. Overall, consequential pairing preferentially involved Watson-Crick pairing to miRNA nucleotides 12-17, most especially nucleotides 13-16 ( Figure 2A ). Watson-Crick pairing to four contiguous nucleotides was most associated with downregulation if it started at position 13 ( Figure 2B ). Regarding the position of the UTR segment that paired to the miRNA 3 0 region, the most optimal arrangement placed it directly opposite the miRNA strand, although several neighboring registers were also effective ( Figure 2C ).
Turning to evolutionary conservation, Watson-Crick pairing to four contiguous miRNA nucleotides was substantially more conserved when this pairing started at miRNA positions 12, 13, or 14 ( Figure 2D ), and those same nucleotides at the core of effective 3 0 pairing were the best conserved miRNA nucleotides outside of the seed region ( Figure 2E ). Thus, site conservation results were in accord with the experimental results from the array, as would be expected if supplemental pairing, as identified by our rubric, influences protein output in the animal.
The similarities between 3 0 pairing and seed pairing were striking. Analogous to seed pairing, 3 0 pairing was relatively insensitive to predicted thermodynamic stability and instead quite sensitive to geometry, preferring contig- Table S1 , a 4mer window was slid across the 3 0 end of the miRNA, searching for its Watson-Crick match in the opposing region of the message. A 3 0 -pairing score was assigned to each miRNA 4mer, crediting one point for each contiguous pair within the 4mer, a half point for extending the contiguous pairing 1 nt upstream, and a half point for extending it 1 nt downstream. The position of the miRNA 4mer and its complement in the message were allowed to be offset, but a one-half point penalty was assessed for each nucleotide of offset beyond ±2 nt, and pairing to message positions already paired to the miRNA seed region (1-8) was disallowed. When the 4mer had alternative regions of contiguous pairing, it was assigned the highest of the alternative scores. For each position, the Spearman correlation between the score and downregulation on the array was determined and its P value plotted.
(C) Preferred offsets between paired regions of miRNA and mRNA. Analysis of (B) was repeated with a 4mer fixed at miRNA nucleotides 13-16, and the correlation between score and downregulation was evaluated for alternative pairing offsets. A positive offset shifts the miRNA 3 0 pairing segment to the right in (A), relative to the message. (D) Preferential positions of conserved pairing. Human 3 0 UTRs were scanned for sites with at least a 6mer seed match to miRNAs listed in Table S1 . For each contiguous 4mer beginning at nucleotide 9 of the miRNA, we searched for the complementary Watson-Crick 4mer directly opposite in the message, allowing for a ±2 nt offset and excluding overlap into nucleotides 1-8. Those cases in which the seed and its supplemental 4mer were coconserved were considered conserved instances of 3 0 pairing. This was compared to control chimeric miRNA sequences with the same 5 0 seed sequence but with the 3 0 end of a different miRNA, and signal/background was calculated. The analysis was repeated for 3mers and 5mers.
(E) 4mers conserved among paralogous human miRNAs. For each position, the number of human miRNA families that have a perfectly conserved 4mer is indicated; families with only a single human paralog were excluded.
(F) Effectiveness of 7mer-m8 sites compensated with either good or poor 3 0 pairing. Distributions (left) and cumulative distributions (right) of changes in abundance of mRNAs after miRNA transfection were monitored with microarrays and are displayed as in Figure 1B , including for reference the results of canonical 8mer sites. Sites with good pairing were those with scores R4, and sites with poor pairing were those with scores %2. Pairing score was determined as in (B) but using a fixed miRNA 4mer corresponding to nucleotides 13-16 and crediting contiguous pairing elsewhere with one-half point per pair. Sites with good pairing were significantly more effective than sites with poor pairing (p = 0.007, one-sided K-S test).
pairing was sensitive to position, with pairing at the 3 0 core (positions 13-16) being more important for efficacy than pairing to other positions.
Using the guidelines derived from analyses of site efficacy and conservation, we developed a simple scheme for scoring 3 0 pairing based on rewarding pairing throughout the 3 0 end of the miRNA, but with particular emphasis on the 13-16 nt region. Comparing the efficacy of highscoring sites with that of low-scoring sites revealed that 3 0 pairing was an effective determinant, most particularly for 7mer-m8 sites ( Figure 2F ), although the magnitude was less than the difference between a 7mer site and an 8mer site.
We suspect that very extensive 3 0 pairing might be more effective than that observed in Figure 2F but that very extensive pairing was too rare to be reliably evaluated in our array analysis. Extensive 3
0 pairing also appears to be utilized relatively rarely during biological targeting in mammals. For example, the numbers of canonical sites (6-8 mers) with extensive 3 0 pairing (comprising R5 contiguous, well-positioned pairs) that were conserved above background averaged two per miRNA family. Nonetheless, we anticipate our guidelines for detecting consequential 3 0 pairing will help identify unusual but important cases in which extensive 3 0 pairing is crucial for mammalian target repression. For example, 3 0 pairing can help compensate for imperfect seed pairing (Doench and Sharp, 2004; Brennecke et al., 2005) , and a few sites with extensive 3 0 compensatory pairing, including the let-7 sites in C. elegans lin-41, and the miR-196 site in mammalian HoxB8 are known to function in mammalian cells (Reinhart et al., 2000; Lewis et al., 2003; Yekta et al., 2004) . In all of these cases, the sites would have exceptionally high scores using our rubric (R10 contiguous Watson-Crick base pairs).
Effective Sites Preferentially Reside within a Locally AU-Rich Context
When sites were divided into functional and nonfunctional sites based on their performance on the microarray, we found that the nucleotides immediately flanking the functional sites were highly enriched for A and U content relative to the nonfunctional sites ( Figure 3A , green plot). This phenomenon of high local AU content was important in the immediate vicinity of the site and then fell off quickly. A comparison of the local nucleotide composition adjacent to conserved and nonconserved miRNA sites concurred with the array data; the nucleotides immediately flanking the conserved sites were highly enriched for A and U content relative to those flanking the nonconserved sites ( Figure 3A , blue plot).
We developed a rubric that considered the composition of residues 30 nt upstream and 30 nt downstream of the seed site, with weighting tailing off with the inverse of the distance from the seed site ( Figure 3B ). The 7mers scoring in the top quartile by our rubric appeared at least as effective as 8mers scoring in the bottom two quartiles, illustrating the substantial influence of local AU composition for site efficacy ( Figures 3C) .
As an additional test of whether sites within high local AU density were more effective in the animal, we performed site-depletion analysis. This analysis was based on the finding that messages preferentially expressed in the same tissue as the miRNA are depleted for sites matching that miRNA, because these highly expressed messages have been under selective pressure to avoid deleterious repression (Farh et al., 2005) . Sites within high local AU density, as measured by our rubric, were significantly more depleted in messages preferentially coexpressed with the miRNA compared to sites within low AU density ( Figure 3D , p < 10 À6 , one-sided K-S test). Because site depletion, as with site conservation, is a function of protein downregulation in the animal, our results indicated that local AU content impacts not only mRNA destabilization but also protein expression.
High global AU composition within 3 0 UTRs also correlates with a higher density of conserved miRNA complementary sites, as well as higher 3 0 UTR conservation more broadly (Robins and Press, 2005) . When considering nucleotide composition of the entire 3 0 UTR, we observed a correlation between global AU content and efficacy on the array. However, this correlation was not as strong as for local composition, and after accounting for local AU context, no significant residual correlation remained for global AU composition, indicating that global AU composition does not directly influence site efficacy.
Because the preference for A's and U's in the vicinity of the site appeared to involve no more than fortuitous Watson-Crick pairing, this local AU determinant resembled the preference for A across from nucleotide 1, thereby extending the apparent non-Watson-Crick component of site recognition far beyond position 1. Indeed, the preference for A at this position might be considered a component of the local AU effect, skewed to favor A over U. Local AU density also explained why previous methods designed to identify and score 3 0 pairing were counterproductive for finding more effective sites ( Figure S2A ). Each of these methods uses predicted folding-free energy to score 3 0 pairing ( Lewis et al., 2003; John et al., 2004; Krek et al., 2005) . Seed sites present in regions of higher local GC content will tend to have predicted 3 0 pairing with better folding-free energy due to fortuitous GC base pairing, when in fact they are significantly less effective.
Effective Sites Preferentially Reside in the 3
0 UTR, but Not Too Close to the Stop Codon Although the majority of investigation into miRNA function has been for sites located in 3 0 UTRs, the 5 0 UTRs and open reading frames (ORFs) of mammalian genes contain, on average, twice the sequence length as 3 0 UTRs, and artificial siRNAs can direct cleavage at perfectly complementary sites throughout the message. For single 8mer sites, we observed no detectable efficacy in 5 0 UTRs, detectable but marginal efficacy in ORFs, and high efficacy in 3 0 UTRs ( Figure 4A ). These results mirrored those from previous 96 Molecular Cell 27, 91-105, July 6, 2007 ª2007 Elsevier Inc.
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site-conservation analysis, expression arrays, and sitedepletion analysis (Farh et al., 2005; Lewis et al., 2005; Lim et al., 2005) .
When plotting the number of sites conserved above chance, we found that this number, which was low in the ORF, remained low in the first $15 nt after the stop codon, and thus the transition between ORF targeting and 3 0 UTR targeting did not occur precisely at the stop codon but was offset $15 nt downstream ( Figure 4B ). Concurring with this finding, 3 0 UTR sites within 15 nt of the stop codon were less effective on the array, compared to sites elsewhere in the 3 0 UTR (p < 0.01 for a one-sided K-S test comparing expression values for messages with an 8mer, data not shown). Further supporting these findings were results from reporters that were identical except at two nucleotides that disrupted two stop codons, thereby extending the ORF by 69 residues and bringing into service a stop codon falling within 8 nt of a miR-124 site ( Figure 4C ). These two point substitutions, both more than 70 nt upstream of the site, specifically abrogated function of the site while having no effect on the function of a downstream site ( Figure 4C ). These results confirmed that the segment immediately following the stop codon was inhospitable for targeting.
Effective Sites Preferentially Reside Near Both Ends of the 3 0 UTR When examining whether the location of the site within the remainder of the 3 0 UTR influenced performance, we found that sites residing near the two ends of long UTRs generally were more effective than those near the center (Figures 5A ; p = 0.0011, Pearson correlation). Moreover, site-conservation analysis revealed that more sites were selectively maintained near the ends than in the central region ( Figure 5B ; p < 10 À4 , Pearson correlation). Site depletion in messages preferentially coexpressed with miRNAs was also more severe near the ends of long UTRs than near the center, indicating that newly emergent For the site-efficacy analysis (green), sites associated with the greatest downregulation in the expression arrays (top third of sites when ranking for downregulation) were compared with those associated with least downregulation (bottom third of sites). At each position, counting from the site, the fractional difference in AU composition within a ±5 nt window is plotted. The analysis was repeated for conservation (blue), comparing nucleotide composition flanking conserved sites versus nonconserved sites for the 11 miRNA families (Table  S2) . (B) Weighting of the AU composition for the different types of sites. For each position within 30 nt upstream and downstream of the site, the presence of an A or a U increased the score for the site by an amount proportional to the height of the bar for that nucleotide. When moving away from the site, the weight (bar height) decreased with the inverse of the distance from the site. For example, the weights of the nucleotides downstream of the 8mer were 1/2, 1/3, 1/4, 1/5. that of the nucleotide upstream of the 8mer. (C) Effectiveness of 8mer (left) and 7mer-m8 (right) sites with varying local AU content. Sites were separated into four quartiles according to rubrics of (B). For reference, the results of another canonical site is included (gray), otherwise as in Figure 1B . For both site types, the quartile with the highest local AU content was significantly more downregulated than the quartile with the lowest local AU content (p < 10 À7 for 8mer sites, p < 10 À29 for 7mer-m1 sites). (D) Site-depletion analysis implying greater efficacy of sites emerging with high local AU composition. To evaluate the efficacy of sites in different local AU contexts, sites were partitioned at the median into two equal-sized groups based on their local AU content, and the depletion analysis was performed for each tissue-miRNA pair. P values indicate the extent of depletion for individual pairs. The boxes on the grid indicate those pairs in which the miRNA is expressed, which was where highly expressed messages were expected to be most depleted in sites to that miRNA.
sites are more likely to be functional in the animal if they fall near the ends ( Figure 5C , p = 0.032, one-sided K-S test). Thus, all three lines of evidence-the experimental approach, which monitored mRNA destabilization, plus the two computational approaches, which addressed protein output in the animal-indicated that the UTR quartiles near the ORF and near the poly(A) tail were more hospitable for effective targeting than were the two central quartiles. This effect was most pronounced for longer UTRs (>1300 nt).
A Quantitative Model for Site Efficacy
To develop a quantitative tool for predicting the efficacy of single sites, irrespective of their evolutionary conservation, we used linear regression to model the relationship between downregulation on the array and the context of single 7mer-m8 sites. To build a model general to various cell types, proximity to sites for coexpressed miRNAs was not considered. Sites in 5 0 UTRs, in ORFs, or within 15 nt of the stop codon were excluded, in accord with our results showing that such sites were generally not effective (Figure 4) . For additional pairing to the 3 0 region of the miRNA, scores were calculated as described in Figure 2F , with the score equal to the greatest number of contiguously paired bases, weighted toward pairing at nucleotides 13-16 ( Figure 6A ). For local AU composition, scores were calculated as described in Figure 3B , with a higher score indicating greater local AU composition in the region flanking the site ( Figure 6B ). For position effects, scores were based on the distance in nucleotides between the site and the closest end of the 3 0 UTR ( Figure 6C ). The scores for each context feature were not significantly cocorrelated ( Figure S4 ), indicating that their effects could be considered independently and combined into a single model ( Figure 6D ). When tested on an independent series of siRNA transfections, this model accurately anticipated the messages destabilized in response to the siRNAs ( Figure 6E ), and the individual features of the model were each effective on their own ( Figure S5 ). This result showed that our model was predictive for data A) Distributions (left) and cumulative distributions (right) of changes to the levels of messages with one 8mer site after miRNA transfection, which were analyzed and displayed as in Figure 1B . Messages with a site in their 3 0 UTR or ORF were significantly more repressed than those with no site (p < 10 À126 and < 10 À16 , respectively), whereas those in 5 0 UTRs were not (p = 0.181).
(B) Conservation of 7-8mer sites in the region near the stop codon. Plotted are the number of sites conserved above background per nucleotide in the ±5 nt window centered on the indicated mRNA position, with position 0 being the first nucleotide of the 3 0 UTR. A site was scored as within the window if the 5 0 -most nucleotide of the 7-8mer was within the window.
(C) MicroRNA-mediated repression of luciferase reporter genes fused to 3 0 UTR fragments containing miR-124 sites or mutant derivatives. After normalizing for transfection, luciferase activity from HeLa cells cotransfected with each reporter construct and its cognate miRNA (green and blue bars) was normalized to that from cotransfection of each reporter with its noncognate miRNA (purple and orange bars). Error bars represent the fourth largest and smallest values among 18 replicates. P values (Wilcoxon rank-sum test) indicate whether repression from reporters containing the original ORF (blue) was significantly greater than that with a reporter with an extended ORF that stopped 9 nt from the upstream site (green).
that had not been used in its derivation and demonstrated that it applied to siRNA off-targeting as well as miRNA targeting.
Using the same approach, we considered the 8mer, 7mer-A1, and 6mer sites and combined the models for these sites into a single unified model. To address the question of how evolutionary conservation impinged on the model, the effects were plotted separately for conserved and nonconserved sites ( Figure 6F ). For both conserved and nonconserved sites, the unified model yielded a clear correspondence between the predicted and observed effects on message stability. Nonetheless, conserved sites with the same score were somewhat more effective than were the nonconserved sites (p < 10 À11 , two-sided KS test). Perhaps additional, uncharacterized context features remain to be discovered and have been under selective pressure for optimization, leading to the greater observed efficacy of the conserved sites. Alternatively, our model might not be parameterized to fully capture the effects of known features, or for conserved sites, evolution might have combined known factors into more optimal, synergistic arrangements.
Despite the difference in magnitude of mRNA destabilization for conserved and nonconserved sites, correspondence between predicted and observed effects for these two classes of sites was indistinguishable in terms of its slope. The strong correspondence when considering only the nonconserved sites alleviated concern that our context features might have merely pointed to conserved sites and thereby artifactually predicted repression primarily through unknown determinants associated with conserved sites. Such a concern would have been particularly relevant for the AU-content and UTR-position features because these features correlated with all nucleotide conservation, not just that matching miRNAs (Supplemental Discussion). Further alleviating this concern was the performance with siRNA off-targets, which proved that the model as well as its component features functioned well for sites that have not been under any selective pressure for targeting efficacy ( Figure 6E and Figure S5 ). Moreover, local AU content and UTR position were each supported by site-depletion analysis, which was also not confounded by site conservation and had the added benefit of speaking to targeting efficacy in the animal (Figures 3D and 5C) .
To illustrate the utility of our model for predicting which sites are more likely to mediate repression, we examined the destabilization of messages with single sites predicted to be in favorable or unfavorable contexts ( Figure 6G ). For messages with 7mer-m8 sites, the minimal fraction of messages downregulated on the array was 0.49 for the sites in favorable contexts, a substantial discrimination when compared to the 0.09 value observed for sites in unfavorable contexts. Analogous discrimination was observed for the other types of canonical sites.
To evaluate the model further, we constructed reporters designed to test the efficacy of single 7mer-m8 miR-25 8mer sites were split into ten equally spaced bins based on the relative position of the site (distance from stop codon divided by the UTR length). For each bin, the point is plotted that corresponded to the mean site position and the fraction of messages downregulated at a threshold p < 0.05 on the microarray. The lines are the least-squares fit to all the data, using a model assuming equal effects from both ends of the UTR.
(B) Number of sites conserved above background for 8mers residing at different positions in 3 0 UTRs. UTRs of at least 1300 nt were divided into ten equally spaced bins, and for each bin, the point is plotted that corresponded to the mean site position and the number of sites conserved above the background. The lines are the least-squares fit to the binned data, using a model assuming equal effects from both ends of the UTR.
(C) Site-depletion analysis implying greater efficacy of sites near the ends of UTRs. To evaluate the efficacy of sites in different UTR regions, total 3 0 UTR sequence for mouse UTRs of at least 1300 nt was divided into the middle half (right panel) and the two remaining terminal quarters (left), and the depletion analysis was performed for each group as in Figure 3D .
Figure 6. A Quantitative Model that Considers Site Context to Predict Site Efficacy
(A) Increased efficacy of 7mer-m8 sites with more 3 0 pairing. Messages with a single site were scored as described in Figure 2F , and for each score, the mean downregulation on the microarray is plotted. The regression line is the best least-squares fit to the full data and represents the relationship between score and downregulation on the array (p < 10 À3 , r = À0.07, Pearson correlation). The average log 2 fold change (À0.161) is indicated (dashed line). The few sites with pairing score <1 or >5 were folded into the first and last bins, respectively. (B) Increased efficacy of 7mer-m8 sites within higher local AU content. Messages with a single site were split into 14 equally sized bins based on scoring described in Figure 3B , where 1.0 equaled the maximum possible score. For each bin, the point is plotted that corresponded to the mean score and the mean downregulation on the microarray, and the line was fit as in (A) (p < 10 À32 , r = À0.21, Pearson correlation).
(C) Decreased efficacy of 7mer-m8 sites farther from the 3 0 UTR ends. Messages with a single site were split into 14 equally sized bins based on their distance from the closest UTR end, and the points and regression line were plotted as in (B) (p < 10 À8 , r = 0.11, Pearson correlation).
(D) Correspondence between the predicted and observed efficacy of single 7mer-m8 sites. Messages with a single site were split into 14 equally sized bins based on their the context score, calculated for each message by predicting the offsets from the mean for the three context determinants (A-C) and then adding these three contributions to the average log 2 fold change for 7mer-m8 sites ( Figure S6 ). Points correspond to the mean score and mean downregulation for each bin. The regression line is the best least-squares fit to the full data (p < 10 À45 , r = 0.25, Pearson correlation).
(E) Performance of the combined model when applied to a dataset that was not used to derive the model. Shown are the cumulative distributions of changes in mRNA levels after siRNA transfection (Jackson et al. 2003) after first predicting the top and bottom quartiles using context scores calculated as in (D) for messages with single 7mer-m8 sites to the siRNAs ( Figure S5) ; otherwise as shown for Figure 1B (p < 10 À31 , two-sided KS test, comparing top and bottom quartiles).
sites in either a favorable or an unfavorable context, as predicted by the model. miR-25, which was not among the miRNAs used in the array experiments, was chosen to confirm that the model extended to other miRNAs, and assays were performed in HEK293 cells to confirm that the model extended to cell types other than HeLa cells. UTRs were selected without regard to site conservation. In retrospect, more sites in favorable contexts were conserved, as was expected (6 of 13, compared to 1 of 12). Nearly all of the sites in favorable contexts yielded significant repression ( Figure 6H ), whereas none of the sites in unfavorable contexts yielded detectable repression ( Figure 6I ). Importantly, of those 7mer-m8 sites predicted to be in favorable contexts, the fraction yielding repression in the reporter assay substantially exceeded the 0.49 value derived from the expression-array data alone (Figures 6G and 6H) . Two factors explained this observation. The first was that the arrays underestimated the number of downregulated messages because of their large measurement noise. For example, in a scenario in which every message with a 7mer site was downregulated by 15%, the 7mer expression distribution would shift to the left, but because of the noise of the array experiment (as indicated by the spread of the no-site distribution), only 53% of the sites would be scored as effective. The second factor was that the array monitored only mRNA destabilization, whereas the reporter experiments monitored protein output. Therefore, messages that were repressed translationally with little or no change in mRNA level would yield detectable repression with the reporters, but not the arrays. Regardless of the relative contributions of these two factors, the larger extent of repression observed at the protein level with the reporters compared to that observed at the RNA level with the arrays indicated that the context features uncovered in our study were general-they successfully predicted sites that mediated repression at the mRNA level and those that mediated it at the protein level. Their general relevance was expected because these context features were supported by analyses of site conservation and depletion, which are evolutionary consequences of modulating protein output.
Because our approaches searched for general context determinants, we could not exclude the existence of additional, unrelated context determinants specific to targets repressed only at the protein level. However, we have no reason to suspect that such specific determinants exist. Indeed, the absence of detectable targeting for all the assayed sites predicted to fall in nonfavorable contexts ( Figure 6I ) indicated that if such unknown determinants specific to translational repression exist, they either are rarely present or have negligible impact.
In addition to the striking difference in performance between sites in favorable and unfavorable contexts, we observed quantitative differences among sites with indistinguishable context scores ( Figure 6H ), which showed that some aspect of reporter readout was not yet captured in our model. Such unexplained variability could contribute to the low (though significant) Pearson-correlation r values observed when fitting the array data (e.g., Figure 6D ). However, the variability of array data extended to poorly scoring sites, which were nevertheless uniformly ineffective in reporter assays ( Figure 6I ), indicating that arraymeasurement noise or secondary effects downstream of actual targeting were major causes of variability. Thus, the low r values would persist even for an improved model that captured all variability attributable to primary targeting.
Specificity Determinants Apply to Endogenous miRNA-Message Interactions
From the results of our conservation and depletion analyses, which examined the evolutionary effects of in vivo miRNA targeting, we anticipated that our model would apply not only to exogenously supplied miRNAs and siRNAs but also to endogenous miRNA-message interactions (Figures 2-6 ). To confirm this relevance to targeting in vivo, we used the model to predict the effects on endogenous messages after perturbing three miRNAs: knockout and rescue of miR-430 in the zebrafish embryo, inhibition of miR-122 in the adult mouse liver, and ablation of miR-155 in murine T cells (Krutzfeldt et al., 2005; Giraldez et al., 2006; Rodriguez et al., 2007) . In each case, context scores of messages with single sites to the relevant (F) A unified model that considers the differential efficacy of the 7-8mer canonical sites and the influence of context determinants. Human messages with a single 7mer-A1, 7mer-m8, or 8mer site were split into two sets based on whether the site was conserved in orthologous UTRs of mouse, rat, and dog. For each site, a context score was calculated with the regressions of (A)-(C) and analogous ones for the other two types of sites (Table S6 ). For conserved (orange) and nonconserved (blue) sets, sites were divided into 14 bins based on context score, and the mean score and mean repression were plotted for each bin. The regression lines were fit to the full data (conserved: p < 10 À24 , r = 0.25; nonconserved: p < 10 À50 , r = 0.32, Pearson correlations). (G) Performance of different types of sites predicted to be in favorable or unfavorable contexts, as ranked using the context scores of (F). Shown are the minimum number of downregulated messages, as calculated using cumulative distributions like that of (E).
(H) miRNA-mediated repression of luciferase reporter genes fused to 3 0 UTR fragments containing a single 7mer-m8 miR-25 site located in favorable context. After normalizing to the transfection control, luciferase activity from HEK293 cells cotransfected with each reporter construct and its cognate miRNA (miR-25) was normalized to that from cotransfection of a reporter with a mutated miR-25 site and cognate miRNA. Similarly, luciferase activity from cotransfected wild-type reporter constructs and noncognate miRNA (miR-196) was normalized to that from cotransfection of mutant reporter constructs and noncognate miRNA. (Figures 7E-7G ). These data also supported the idea that 3 0 pairing was consequential for only the small minority of sites with high scores ( Figure 7E and Figure S5A ).
Mechanistic Implications
The mechanism of specificity can be explained at least partly in terms of site accessibility and site affinity, which influence the association and dissociation of the silencing complex. For example, the differential efficacy of 8mer, 7mer, and 6mer sites presumably reflects differences in binding affinity. Supplemental pairing outside of the seed region, particularly to nucleotides 13-16 of the miRNA, could further decrease the dissociation rate of the bound silencing complex. In contrast, the local AU context determinant might be associated with weaker mRNA secondary structure in the vicinity of the site and thus increased accessibility to the seed site.
Increased repression with multiple sites could be explained by an increased likelihood of any one site being bound or by a beneficial effect of having more than one silencing complex bound simultaneously. Our observation that overlapping or near-overlapping sites for two different miRNAs yielded less downregulation than did more distantly spaced sites favored the latter possibility. A beneficial effect of having multiple silencing complexes bound simultaneously implied that interactions with the downstream repressive machinery are limiting, either in quantity or duration, for repression. The finding that cooperativity extended to different sites for coexpressed miRNAs ruled out as the mechanism of cooperative action Messages containing 6mer, 7mer-A1, 7mer-m8, or 8mer sites were analyzed as in Figure 6F , using published array data (Giraldez et al., 2006) monitoring the stabilization of endogenous messages after removing miR-430 and other miRNAs. (B) Correspondence between context score and in vivo efficacy for miR-430-target interactions after restoring miR-430 to embryos missing all miRNAs (Giraldez et al., 2006) , analyzed as in (A). (C) Correspondence between context score and in vivo efficacy for endogenous miR-122-target interactions in mouse liver. Analyzed as in (A), using published array data (Krutzfeldt et al., 2005) monitoring the stabilization of endogenous messages after inhibiting endogenous miR-122. (D) Correspondence between context score and in vivo efficacy for endogenous miR-155-target interactions in mouse T cells. Analyzed as in (A), using published array data (Rodriguez et al., 2007) monitoring the stabilization of endogenous messages after deleting miR-155. (E) Confirmation that the 3 0 -pairing score correlates with endogenous targeting efficacy. Messages containing 6mer, 7mer-A1, 7mer-m8, or 8mer sites were analyzed as in Figure 6A , using published array data (Rodriguez et al., 2007) monitoring the stabilization of endogenous T cell messages after deleting miR-155. To enable data for all four site types to be considered in aggregate, values were normalized by the average log 2 fold change for each site type. Linear regression on all the data (red line), as in Figure 6A , yielded a significant correlation (p = 0.003, r = .10, Pearson correlation). As discussed for the siRNA transfection dataset ( Figure S5A ), this linear model appeared too simple because messages with sites scoring <3 displayed no discernable trend (dashed blue line), whereas the handful of messages with high-scoring sites (<3% of sites have scores R4) were associated with strong derepression. Linear regression on only the data with scores R3 (blue line) yielded a significant correlation (p = 0.004, Pearson correlation).
(F) Confirmation that local AU content correlates with endogenous targeting efficacy. Analyzed as in (A), except sites were scored for local AU content, as in Figure 6B (p < 10 À3 , r = 0.12, Pearson correlation).
(G) Confirmation that site position correlates with endogenous targeting efficacy. Analyzed as in (A), except sites were scored for position, as in Figure 6C (p < 10 À4 , r = À0.14, Pearson correlation).
a local-concentration effect in which the second, nearby site merely recaptures a dissociating complex. Instead, the cooperative function of optimally spaced sites might be explained by cooperative contacts with the repressive machinery. Alternatively, it might be explained by binding at one site increasing binding at the other site, either through favorable contacts between silencing complexes or by displacing occlusive mRNA structure. Additional evidence that miRNA sites must remain bound in order to confer repression came from the reduced site effectiveness in the 5 0 UTR and ORF, which presumably results from displacement of silencing complexes as the ribosome translocates from the capbinding complex to the stop codon. We found that this effect extended beyond the stop codon and into the first $15 nt of the 3 0 UTR. The length of $15 nt was in agreement with the observation that mRNA enters the ribosome $15 nt downstream of the decoding site (Yusupova et al., 2001; Takyar et al., 2005) , which would presumably strip off any silencing complex and block rebinding until the ribosome dissociated from the message. The apparent interference by the ribosome along its entire path of translation strongly implied that messages under miRNA control experience at least one complete round of translation prior to or concurrently with their repression, thereby disfavoring models in which an appreciable fraction of messages are sequestered prior to translation of a full-length protein.
In contrast to natural miRNA sites, sites perfectly complementary to artificial siRNAs function well in ORFs and thus do not appear subject to ribosome interference. Perhaps the ribosome has more difficulty disrupting the more extensive pairing. Moreover, extensively paired sites might not need to remain associated because they result in catalytic cleavage, whereas 7-8mer sites might require longer periods of association to confer appreciable repression.
The increased efficacy of sites falling near the ends of long UTRs might be attributed either to proximity with the translation machinery or to increased site accessibility. Within the circularized structures of mRNAs, with the poly(A) tail interacting with the 5 0 cap, sites located in the middle of long 3 0 UTRs would be furthest from the translational machinery, whereas sites closer to the ORF and 5 0 UTR might be better situated to interact with the translation machinery and hence induce repression. Proximity would be greater within the 5 0 UTR or ORF, but such sites would face ribosome interference, leaving sites near the ends of the 3 0 UTR as the most optimal. Alternatively, if a long UTR is visualized as a cloud of interconverting structures, bound by the ribosome on one end and the poly(A)-binding proteins on the other, the regions in the middle of the UTR would be less accessible because they would have opportunities to form occlusive interactions with segments from either side, whereas residues near the ends would not.
The strong influence of local AU content was another context feature suggesting a role for occlusive UTR structure. We followed up on this possibility using predicted local secondary structure with published rubrics to score site accessibility Zhao et al., 2005 Zhao et al., , 2007 Long et al., 2007) . The method of Long et al. (2007) is not yet available for large-scale analyses, but we were able to evaluate the sites of Figure 6H by using STarMir (http://sfold.wadsworth.org), which implements this algorithm. Of the 13 sites we predicted to be in optimal context, STarMir predicted only two to be functional. When implementing the method of Zhao et al. in a genome-wide analysis, a correlation was observed between downregulation and weaker secondary structure in the vicinity of the site, but secondary-structure prediction was less informative than was local AU content and had no utility after accounting for local AU content ( Figure S3 ). Perhaps direct recognition of A's and U's flanking the seed sites is a component of target recognition, in which case scoring local AU content would provide a more reliable measure of this recognition feature than would secondary-structure predictions. Or perhaps because of RNAbinding proteins, RNA tertiary structure, and the compact but multiple competing conformations of arbitrary RNA sequence (Schultes et al., 2005) , the details of intracellular UTR structures differ substantially from those of the predicted structures, such that scoring local AU content is significantly more reliable for predicting site accessibility.
To the extent that the context features revealed in our analyses reflected the negative effects of occlusive secondary structure and ribosome interference, we anticipate that they will apply not only to miRNA regulatory sites but also to a range of other elements, including binding sites for regulatory proteins. For instance, messages with many conserved regulatory elements would be associated with higher overall AU content, whereas messages selectively avoiding any regulatory targeting their 3 0 UTR would benefit from increased GC content that makes any newly emergent fortuitous sites less likely to function, thereby helping to explain the strong correlation between high nucleotide conservation and high global AU composition in 3 0 UTRs. Likewise, poor accessibility of elements within 15 nt of the stop codon and near the center of long UTRs would explain why other 3 0 UTR regions have higher nucleotide conservation.
A Resource for Prioritizing Conserved Sites and Predicting Functional Nonconserved Sites
In addition to providing insights and constraints for mechanistic models, the context features described here provide valuable information for selecting which of the many mammalian miRNA:target relationships are most promising for experimental follow-up. Accordingly, for all conserved and nonconserved 7-8mer sites matching known miRNAs, each of these determinants is evaluated and reported ( Figure S6 ; http://www.targetscan.org), with the goal of providing a resource for enabling even more rapid progress in understanding this recently appreciated mode of gene regulation.
EXPERIMENTAL PROCEDURES
miRNA and mRNA Sequence Data miRNAs conserved in human, mouse, rat, dog, and zebrafish were clustered into 73 families based on miRNA nucleotides 2-8 (Table  S1 ). Human annotated 5 0 UTR, ORF, and 3 0 UTR sequences were obtained from RefSeq, and orthologous sequences in mouse, rat, and dog were derived from the UCSC genome browser multiZ multiple genome alignments (Blanchette et al., 2004) . When multiple RefSeq identifiers mapped to a single Entrez Gene entry, the RefSeq annotation with the longest UTR was used.
Conservation Analysis
Site-conservation analysis was as in Lewis et al. (2005) . In addition, to account for the observation that the four nucleotides are conserved at different rates in mammalian 3 0 UTRs, control sequences were also limited to those that had identical or nearly identical (within one nucleotide) composition as the authentic sites. The number of conserved control sites for each miRNA was normalized by dividing by the number of control sites in human 3 0 UTRs and multiplying by the number of miRNA sites in human 3 0 UTRs.
Array Experiments
HeLa cells were transfected with synthetic miRNA duplexes (Table S2) as described . Probes were mapped to their representative mRNA sequence through Entrez Gene. Only probes exceeding median intensity in at least half of all experiments were considered for the expression analysis, which limited the analysis to genes expressed at a level sufficient for downregulation to be readily detectable. When multiple probes matched a single gene, their geometric mean and most significant p value were used. Array data from siRNA transfections were processed analogously. Unless indicated otherwise, only messages with a single site to the cognate miRNA were considered. For instance, when evaluating single 8mer sites, only genes with a single 8mer in the UTR and no additional 7mers or 6mers were considered. Likewise, when a single 6mer was being considered, genes were excluded in which that 6mer was part of a canonical 7-8mer. Analyses for multiple sites ( Figures 1C-1E and 1J) and additional specificity determinants (Figures 2-7) were performed in the same way, requiring the exact numbers of the motif being examined and no other canonical sites, except that additional 6mers were allowed in order to increase the sample sizes, based on the observation that the presence of additional 6mers had marginal effect in the context of stronger sites.
Calculating the Fraction of Genes Downregulated
To determine for each type of site the minimal fraction of genes downregulated on the array, we compared the cumulative distribution of expression changes for messages with the site versus those with no canonical site, calculating the maximum positive cumulative difference between the two distributions. To correct for bumpiness in the cumulative distributions, we performed 100 permutations in which the downregulation values for all genes were randomly shuffled, while maintaining the size of the original distributions, and the median maximum positive deviation for these 100 control permutations was subtracted from the value obtained from the real distributions.
Depletion Analysis
Site-depletion analyses were as in Farh et al. (2005) but focused on a subset of tissues and tissue-specific miRNAs with very robust depletion signatures and employed only mouse UTR data. To test the hypothesis that sites falling in one context were more depleted than in the other context, direct comparisons were performed between sites in the two contexts by aggregating the relative expression values for targeted genes in each tissue expressing the cognate miRNA (boxed in the figures).
Simulating Repression from Dual Sites
The simulated dual-site distributions (green lines, Figures 1D and 1E ) were derived by selecting two genes randomly from the single 7mer site distribution and summing their log 2 expression changes. This procedure was repeated 100 times for each gene in the dual-site distribution. For comparison to the simulated distributions, the observed dual-site distributions were modified by selecting one gene randomly from the dual site distribution and one gene randomly from the nosite distribution and summing their log 2 expression changes (blue lines, Figures 1D and 1E ). This modification was necessary for comparison because by summing two distributions the variance of the resulting distribution greatly increased because microarray measurement noise was compounded. The distributions for single site plus no site and for no site plus no site are also shown for comparison. Genes with dual sites typically had longer 3 0 UTRs than those with one or no sites; to control for possible length effects, pairs of randomly sampled genes were required to have UTR lengths within 30% of each other.
Regression Analyses
For each analysis, significance was determined by using both Pearson (parametric) and Spearman (nonparametric) correlation tests. Pearson statistics are reported. With the exception of correlations in Figure 7E and Figure S5A , the significance of the correlations did not substantially differ when using the two tests. Correlations between 3 0 -pairing score and repression ( Figure 7E and Figure S5A ) were not significant with the Spearman test because this test was insensitive to the influence of a small number of high-scoring sites.
Reporter Assays Assays were as in Farh et al. (2005) , except for Figure 1I , in which 25 nM miR-1 and 1 nM miR-133 were cotransfected. Because cotransfection of one miRNA titrated repression by the other, relative miRNA concentrations were adjusted such that both were similarly active when combined. For each construct assayed, multiple independent experiments, each comprising three replicate values, were combined. To combine replicate values from independent experiments, fireflynormalized Renilla values were normalized to the geometric mean of values from otherwise identical constructs in which all sites were disrupted. Values plotted for each construct are the geometric mean of normalized Renilla values from transfection with the cognate miRNA divided by that value from transfection with the noncognate miRNA ( Figures 1G-1I and 4C ). Construct and miRNA sequences are provided (Tables S3-S5 ). Assays utilizing HEK293 cells were performed identically, except transfections contained 100 ng firefly control reporter, 100 ng TK-Renilla reporter, 1 mg pUC19, and 25 nM miRNA duplex.
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